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Nowadays, the social importance of the railway transportation is accepted without any doubt, and the levels of comfort and operation 
quality associated to railways are continuously increasing. The travel times that could be considered allowable in the past century are 
now obsolete and in order to reduce time “losses”, traffic speeds larger than 300 km/h are being asked for. 
 
In order to analyse properly the behaviour of the different layers that make up the railway track structure, the Centro de Estudios y 
Experimentación de Obras Públicas (CEDEX) of the Ministerio de Fomento, Spain, has built a large facility (5 x 4 x 21 m) for true 
scale testing where, by means of several dynamic actuators, the passage of high speed railway traffic can be reproduced, and its long 
term effect on the track materials can be studied. 
 
This paper describes the facility from a structural standpoint, including the self-controlled actuators and the instrumentation that has 





Three main approaches have been used in the fields of science 
and technology to the solution of problems affecting the 
society. 
 
From a historical point of view, scientists used initially 
physical models, trying to reproduce the real situation to scale, 
in such a way as to be able to study, under laboratory 
conditions, the physical and chemical phenomena occurring in 
the problem under consideration. 
 
As a  second approach, and in order to be able to generalise 
the results obtained for different geometries and similar 
phenomena, analytical models have been used, whose 
mathematical formulation tries to include those aspects that 
are assumed to affect the solution of the problem. 
 
Finally, and more recently, numerical methods have been 
applied as an instrument to solve engineering problems, this 
technique having shown a large development due to the ever 
increasing capacity of the computers available. 
 
There exist, however, physical phenomena for which the 
application of analytical or numerical methods does not allow 
to properly reproduce certain aspects of their behaviour. The 
use of physical models to scale becomes then necessary. 
 
The degradation of the materials, that form the railway tracks 
under high speed circulations, is one of those problems for 
which the construction of a physical model to scale may yield 
a very valuable information to gain knowledge of the 
phenomenon, which occurs in the long run. 
 
The Centro de Estudios y Experimentación de Obras Públicas 
(CEDEX) of the Ministerio de Fomento, Spain, has built a 
singular installation to simulate, at true scale, the degradation 
of the bed layer materials of the track under railway traffic 
passing at a speed higher than 300 km/h. 
 
This paper shows the installation presently available, and 
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DESCRIPTION OF THE INSTALLATION 
 
The complexity of building up an installation, where high 
speed traffic could be simulated at true scale, may appear in 
the exposition included in the following sections. 
 
This type of test results in high costs, not only due to the 
necessary investment for building the installation, but also to 
the cost of the highly specialised personnel involved in the test 
performances and interpretations. 
 
This operation costs are closely related to the scope of the 
installation (real scale or reduced scale to 1/3 or ½). 
 
Usually, the tests at a reduced scale are more frequent, and a 
single actuator is used to perform them. The limited size of the 
testing cells does not allow to build all the elements that form 
the track, so that the research has to be focussed on local 
aspects of it. 
 
Since a single actuator is available, only the material located 
under it may be loaded, so that the influence of the 
neighbouring sleepers on the sleeper tested cannot be 
adequately reproduced, as stated by Momoya, E., Sekine, F. 
and Tatsuoka, F. [2005]. It is also impossible to reproduce, 
with one single actuator, the stress rotation occurring in the 
bed layers of the track. This shows a great deal of importance 
in their long run behaviour as shown by Ishikawa, T. and 
Sekine, E. [2002]. 
 
The testing installation, which is subsequently described, has 
therefore been equipped with four dynamic actuators that, 
conveniently set out of phase, allow to adequately reproduce 
the railway circulations. 
 
The next sections include a description of the basic elements 





The testing installation is of large size (21x5x4 m) and it has 
been made up of a steel box, and a system of reaction frames 
(Fig. 1). 
 
Box. It is built of steel plates, 8 mm thick, with an elastic limit 
of 2.600 kp/cm2. The sides of the box have been reinforced by 
means of IPE-240 steel beams.  
 
At the bottom, the plate is reinforced by means of IPE-300 
profiles, supplemented by IPE-300 profiles at right angles with 
them. This set of reinforcing beams rests on the lower beams 
of nine reactions frames, which are made of two HEB-400 
profiles, welded at the flanges, and resting on concrete cubes, 





Fig. 1. Simulated image of the testing cell with the platform 
and track to be tested 
 
 
Reaction system. The system of reaction, for the loads applied 
to the track, has been formed by means of 9 reaction frames, 
located along the testing cell, and associated in three groups of 
three frames per group. Within each group, the distance 
between the symmetry planes of the frames is 1,5 m. The 
separation between the nearest frames of two adjacent groups 
is 3,5 m. 
 
The frames are rectangular. Three sides are made up of 2 
HEB-400 profiles welded at the flanges, whereas the upper 




Fig. 2. View of the bottom part of the testing box, resting on 
the reaction frames (painted in blue). The rectangular detail 
shows the reinforcement of the front and side plates. 
 
The dynamic and/or static loads are applied on the track by 
means of 4 servo-controlled hydraulic actuators. These 
elements are acting on the steel structure by means of steel 
reactions beams (painted in red in Fig. 3) made of plates, 60 
mm thick for web, and 30 mm thick for flanges and their 
reinforcements. The flange width is 80 cm. The reaction beam 
height is 1 m at the middle section, and 50 cm at the 
supporting zones. 
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The actuators act, through a steel plate, either on the central 
zone of the reaction beam or on one side of it, in order to 




Fig. 3. General view of the installation showing the reaction 
system made of frames (blue) and reaction beams (red). 
 
Auxiliary elements. In order to improve the stiffness of the 
structure under horizontal loading, HEB-600 profiles have 
been placed, horizontal (between frames of the same group) 
and inclined (between frames of different groups). 
 
Additionally, inclined stiffening members have been 
introduced in every reaction frame and reaction beam. If a 
reaction beam has not been located within a frame, the 
stiffening members are inclined at 38º with the vertical 
direction. However, when the reaction beam is in the vertical 
of the frame, the inclination of the stiffening members is less, 
forming an angle of 44º. 
 
 
Servo-controlled hydraulic installation 
 
The testing installation has been equipped with a hydraulic 
servo-controlled system in charge of producing the pressure 




Fig. 4. View of the three sets, engine-pump, available at the 
installation. 
Each one of three hydraulic plants available is made of an oil 
tank with 3.000 l capacity, an electrical engine of 340 HP for 
the operation of the two reciprocating pumps, and a number of 
filters and auxiliary pumps. 
 
The 3 hydraulic plants can yield a combined flow of 1.800 
l/min (30 l/s) at a nominal pressure of 210 bars to the net of 
high pressure pipes which, through the testing cell, serve the 4 
available actuators. 
 
Each one of the actuators, corresponding to the 244.31S model 
of the firm MTS Systems Corporation, can apply a maximum 
nominal load of 250 kN. 
 
The recording of the actuator load is obtained by a load cell, 
located between the actuator body and the reaction beam. 
Inside the actuator piston, a displacement LVDT transducer 
measures the relative movements, between the piston fixation 





Fig. 5. Detail view of a servo-controlled hydraulic actuator. 
 
Each one of the actuators has a servo-valve, MTS 252.21 
model, which controls the flow of oil to the actuator piston 
allowing to change the load applied by the actuator. 
 
The range of frequencies for which the servovalve has an 
optimal behaviour reaches 60 Hz. 
 
Finally, as a transmission element of load to the track, 
segments of a real wheel have been welded to the ends of the 





The track-box has been filled with different soil materials 
forming the track platform and structure (embankment, 
forming layer, subballast and ballast). 
 
The adopted geometry (Fig. 6) includes a 45 cm thick ballast 
layer, a 30 cm thick subballast layer and a 60 cm thick 
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forming layer. The embankment thickness varies between 2,3 
and 2,6 m. A transversal slope of 5% has been provided to 
allow the drainage of the upper layers (ballast and subballast). 
 
The laboratory identification test on the embankment material 
showed a liquid limit of 25,6% and a plasticity index of 6,9%. 
The control of its extension and compaction by nuclear means 





Fig. 6. Typical cross-section of the track structure and 
platform 
 
The forming layer was built with a material whose index 
values were: liquid limit, 18,8%, plasticity index, 4,5%. It was 
extended and compacted in 3 layers of 20 cm thickness. The 
control, by nuclear means, provided a specific weight of 21,5 
kN/m3, and a water content of 4%. 
 
The subballast was built with the same material used for the 
forming layer. It was placed in 2 layers, 15 cm thick, allowing 
to obtain a specific weight of 22 kN/m3, and a water content of 
3,5%. 
 
The grain size distributions of the materials used in 
embankment, ballast, subballast and forming layer are shown 






Fig. 7. Size distributions of the materials forming the track 
structure. 
 
The ballast (andesitic porphyry) was placed with variable 
thickness. It was extended in two layers: the first one reached 
the bottom level of sleepers, and the second one, after placing 
sleepers, fixing elements and rails, was extended and 
compacted to the upper face of the sleepers.  
 
Due to the great importance of reproducing as closely as 
possible the ballast compacity in real tracks, it was decided to 
use an autonomous tamping machine, Geismar MB8 AC type, 
which uses a tamping procedure similar to that of the 




Fig. 8. View of the Geismar MB8 AC tamping machine in 





The instrumentation used for each test can be placed either 
within the soil materials or on the track elements. 
 
The external instrumentation can be varied either in location 
or in number of sensors; however, the internal instrumentation 
can only be changed as the testing box is filled. 
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The measuring facilities can be classified in the following 
categories: 
 
• Settlement monitorisation: Displacement LVDT 
transducers are used to measure movements between two 
points of the same cross-sections (relative movements) or 
between one point of the cross-section and the bottom plate of 
the testing box (absolute movements). 
 
• Pressure determination: Pressure cells are used to measure 
the pressure between bed layers (ballast-subballast contact, 
forming layer-embankment contact, and contact subballast-
forming layer) and under sleepers. 
 
• Acceleration measurements: Both external (fixed to rail 
and sleeper) and internal accelerometers (within bed layers) 
are used. 
 
• Velocity measurements: Both external (fixed to rail and 
sleeper) and internal geophones (within bed layers) are used. 
 
Location of the internal sensors. The internal sensors have 
been located in 15 different cross-sections of the testing cell. 
The layout varies from cross-section to cross-section. Fig. 9 





Fig. 9. Transducer layout at the middle cross-section of the 
testing cell. 
 
The total number of internal sensors used in the test referred to 
in this paper is 80 (33 pressure cells, 8 displacements 
transducers, 8 accelerometers and 31 geophones). 
 
The number of external sensors may be varied for each test: 






Elements forming the track superstructure 
 
The track superstructure has been reproduced using the 
elements present at the high speed railway tracks in Spain. 
 
The rails have been if UIC-60 E1 type, with a weight of 60 
kp/m, a flexural inertia of 3.055 cm4, a cross-sectional area of 
78,67 cm2, a base width of 15 cm, and a total height of 17,2 
cm. 
 
The sleepers, of prestressed concrete, are those mounted in 
detour zones, with a length of 2.600 mm, a width of 290 mm, 
and a height of 220 mm. 
 
The seating plates used are those employed at this type of 
sleeper. They are formed by a set of plates (bearing plate of 3 
mm, mattress of 50 mm, and premounting plate of 5 mm) 
giving a global vertical stiffness of 17,5 kN/mm. 
 
It could be checked, by means of laboratory tests, that this 
stiffness increased to 45 kN/mm when a pressure equivalent to 




Fig. 10. Detail view of the seating plates 
 
 
DESCRIPTION OF DYNAMIC TESTS CARRIED OUT 
 
During the first months after completion of the testing 
installation, in January 2005, tuning and preliminary test of the 
hydraulic and data reading system were effected. 
 
The circulation test really started after July 2006. 
 
During the different testing campaigns modifications have 
been introduced in the circulation speeds, having simulated the 
passage of 2,4 million axles, with the box configuration 
previously described, and different static tests  have been 
carried out with loads being applied by steps. 
 
From the set of static tests, many different analyses can be 
effected and important conclusions may be drawn. However, 
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this type of study could have been carried out in a much 
simpler installation with a static system of actuators. 
 
As it has been previously indicated, the basic singularity of the 
testing installation is the availability of 4 dynamic servo-
controlled actuators capable of reproducing the passage of 
railway circulations. By means of those actuators, and using 
the track configuration which has been described, the passage 
of 2,4 millions of axles at speed between 300 km/h and 360 
km/h has been simulated. 
 
 
Determination of the loading train 
 
Circulating trains produce the loads acting on a track during 
its commercial exploitation. In order to correctly simulate the 
effect of the dynamic loads, it is therefore necessary to know, 
as accurately as possible, the history of loads acting on a 
particular section of the track during the passage of a train. 
 
The dynamic loading values, that have been used in the testing 
installation, were obtained from real measurements carried out 
by the French railway company (SNCF) during the passage of 
an AVE S-100 train, on the high speed line Lyon-Paris. 
 
The record of loads was obtained for 6 identical trains, 
constituted by 2 power units and 8 intermediate cars, 




Fig. 11. View of an AVE S-100 train along with its 
composition power units-cars. 
 
The values of the maximum loads, obtained by means of shear 
gauges fixed to the rails, are indicated on Fig. 12, where the 
power units can be distinguished (loads in excess of 160 kN) 

























































































































































Fig. 12. Load distribution measured on a real track 
 
From the maximum load per axle that were recorded, the 
width of every loading peak has been obtained by applying the 
beam on elastic foundation theory. 
 
Using the results of the static test performed in the cell, it was 
obtained that the elastic length of the track was L = 0,976 m. 
Therefore, the width of every loading peak would be twice 
3/4πL, that is to say 2x2,3 m = 4,6 m. Taking into account that 
the distance between sleeper axes is 0,6 m, it is obtained that 
the vertical load, when acting at a sleeper axis, affects about 3 
sleepers on each side of the one under load. 
 
When the train runs at 300 km/h (83,3 m/s), the width of the 
base of the loading peak, along the time axis, would be 
4,6/83,3 = 0,0552 s. 
 
Applying this same concept to the load produced by a bogie, 
with axles 3 m apart, the time elapsed between loading peaks 
would be 3/83,33 s = 0,036 s. Two half widths of loading peak 
per axle have to be summed up to this time, and then the total 
time of affection of the track by the bogie is obtained as 
0,036+2x0,0552/2 = 0,091 s. 
 
Following this same procedure, the passing time of a double 
bogie, where the last axle of the first bogie is 3 m apart form 
the first axle of the second bogie, is obtained as 0,163 s. 
 
Fig. 13 shows the loading history corresponding to the passage 
of a single AVE S-100 train, at a speed of 300 km/h. This 
passage takes a time of about 2,4 s. 
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Fig. 13. Loading history for an AVE S-100 train passing at 
300 km/h. 
 
In order to be able to simulate the passage of two consecutive 
trains, without interference of the loading produced by the last 
axle of the first train with the loading introduced by the first 
axle of the second train, the time elapsed between both 
passages has to be larger than two half-widths of loading peak 
(2x0,0552/2 = 0,0552 s). 
 
The total time of both passages of trains, including the interval 
between them, will then be 2,4+0,055+2,4 = 4,85 s. 
 
Fig.14 shows a loading history which has been directly 
introduced in each actuator. It corresponds to the passage of 
two trains, with minimum elapsed time of 0,0552 s between 
them, followed by the passage of a third train, 2,5 s after the 
second train of the first group. 
 
This sequence of 3 trains has been termed loading unit, and its 
corresponding loading history has been applied to each one of 
the three actuators in the central zone of the testing cell, with a 
time difference of phase of 1,5/83,3 = 0,018 s, since 1,5 m is 
the distance between actuators. 
 
 
Fig. 14. Loading history for the passage of three trains 
(termed loading unit). 
 
For the case, that will be subsequently considered, of 200.000 
axles simulated at a speed of 360 km/h, the width of the 
loading peaks has been varied, using the latter model for this 
speed. The maximum values of the loading peaks, however, 




Dynamic tests carried out 
 
Using the track configuration previously described, and 
applying the loading history shown in Fig. 14, the passage of 
2.400.000 axles has been simulated during a testing period of 
4 months which included a technical stop of 2 months. 
 
Initially, 2.200.000 axles were simulated at a speed of 300 
km/h, increasing the speed to 360 km/h in the simulation of 
the remaining 200.000 axles. 
 
The sensors located within the soil materials were 
supplemented with external sensors of the following general 
types (Fig. 15): 
 
• A system of laser beams with target on the base of the 
outer rail, adjacent to sleeper 0 
• Two powermeters rail-sleeper at sleeper 0: one located at 
the inner rail and the other at the outer rail 
• A 1 Hz geophone at the outer end of sleeper 0 
• A ± 18 g accelerometer at the inner end of sleeper-1 
• A 1 Hz geophone at the base of the outer rail, between 
sleepers o and -1 
• A 2 Hz geophone at the base of the outer rail, between 
sleepers 0 and +1 
• A 2 Hz geophone at the base of the outer rail, between 
sleepers 0 and +2 






Fig. 15. External instrumentation used in the dynamic tests 
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The total number of sensors, located both internally and 
externally, amounted to about 100. Using a frequency of data 
acquisition of 1.200 per second, the total number of data 
recorded by the acquisition unit was of 1.200x100x2,5 = 
300.000 per train. 
 
Among this very high volume of data, subsequently those 
related to the evolution of the long term fatigue of ballast are 




Long term behaviour of ballast 
 
Fig. 16 represents the fatigue diagram which incorporates the 
irreversible movements of ballast obtained in that test. 
 
During the passage of the first 100.000 axles it was observed 
that the increase of the irreversible displacements of ballast 
kept diminishing. However, it is considered that the ballast as 
a whole loosens, and the vibration amplitudes increases as the 








Fig. 17. Evolution of dynamic displacement of ballast 
 
Fig. 18 shows schematically, by means of a sequence of 12 
cycles of loading-unloading (or 12 symbolic passages of 
train), the behaviour of ballast that appears at the different 
sections of the fatigue diagram (Fig. 16) an the vibration 
amplitudes diagram (lower diagram in Fig. 17). 
 
The cycles 1 and 2 of Fig. 18 show this type of behaviour, 
which is characterised as well by the diminishing increments 
of plastic deformations δεp at each passing train.  
 
Between the passage of 100.000 and 1.000.000 axles, the 
behaviour of the material changes, and it is characterised by 
two intervals (between 100.000 and 400.000 axles the first 
one; and between 400.000 and 1.000.000 axles the second 
one) in which a linear variation of irreversible deformations 
with the number of passing axles can be assumed (“ratcheting” 
effect). This phenomenon, according to Alonso-Marroquín, F. 
and Herrmann, H. [2004], may be considered as a succession 
of incremental collapses of ballast, different within each one 
of the two intervals. 
 
Each interval shows a ballast behaviour (schematically 
represented in Fig. 18 as the history of stress-strain of cycles 
3, 4 and 5) corresponding to an elastoplastic material for 
which the amplitude of the total deformation keeps increasing 
with the number of passing axles, and the increment of plastic 
deformation (incremental collapse) δεp remains constant for 
each passing loading unit. 
 
Between 1.000.000 and 2.000.000 axles the amplitude of 
vibration of ballast remains practically constant, and the 
incremental collapse per loading unit remains lower than that 
obtained in the previous interval. Cycles 6, 7 and 8 in Fig. 18, 





Fig. 18. Macromechanical interpretation of the dynamic test 
 
As it is shown in Fig. 16, the last 200.000 loading axles of the 
test were applied simulating a train speed of 360 km/h. This 
produced, during the first 100.000 passing axles, a noticeable 
increase of the incremental collapse per loading unit, with an 
increase of the vibration amplitude (Fig. 17) and, 
consequently, of the elastic response of ballast (cycles 9 and 
10 of Fig. 18). 
 
This increase of the elastic response of ballast might have 
promoted a reduction in the incremental collapse per loading 
unit, reaching, for the last 100.000 passing axles of the test, a 
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value very similar to that obtained before introducing the 
change in the simulated speed of the passing trains. This last 
process or “ratcheting” is shown schematically in Fig. 18 by 
means of cycles 11 and 12. 
 
The preceding figures shown the following patterns of 
behaviour of ballast: 
 
• During the first million of passing axles, simulated at a 
speed of 300 km/h, the ballast experienced a progressive 
loosening, showing a continuous increase of the amplitude of 
total deformation (δε). 
 
• This process of increase of elastic deformations of ballast 
remained stable (with δεe constant) during the passage of the 
second million of axles (cycles 6, 7 and 8 of Fig. 18), resumed 
when the speed increased to 360 km/h (cycles 9 and 10 of Fig. 
18), and recovered stability to the end of the test (cycles 11 
and 12 of Fig. 18). 
 
• When the speed increased form 300 km/h to 360 km/h the 
ballast kept loosening. It is questionable that this loosening 
could improve the mechanical behaviour of ballast since the 
increase in the simulated speed of the trains produced an 
increase in the incremental collapse of ballast per passing 
loading unit load (δεp constant in cycles 9 and 10, but larger 
than in cycles 6, 7 and 8). 
 
 
SUMMARY AND CONCLUSIONS 
 
The following conclusions can be established from the 
foregoing analyses: 
 
• The combination of the three methodologies of study 
referred to (analytical, numerical, and empirical) allows to 
improve and complement the results obtained by either one of 
them. For example, the analytical and  numerical methods 
allow to check, “grosso modo”, the adequacy of the results 
obtained in the installation by means of true scale tests, 
whereas the latter give a very exhaustive information of the 
short term and long term behaviour of the track materials. 
 
• The possibility of achieving a fairly complete 
instrumentation of the infrastructure and superstructure of the 
track, under controlled laboratory conditions, gives to the 
CEDEX track-box a great importance to analyse at 1:1 scale, 
and under accelerated conditions, the long term behaviour of 
complete sections of conventional and high speed tracks. 
Presently, the effect of the passage of 2 million axles can be 
achieved in one month of testing time. 
 
• It is just necessary, once a physical model, as close as 
possible to the real track section, has been built, to use the 
methodology described in this paper in order to adapt the 
system of load simulation of the installation to the histories of 
loads and movements recorded at the real track. 
 
• The simultaneous use of 3 actuators, 1,5 m apart from one 
another, with a time differential phase adequate to the train 
speed to be simulated, and with a normalised loading system, 
allows to obtain in five consecutive sleepers, a behaviour 
similar to that presented by each sleeper, under the passage of 
a moving load, when it approaches, passes over, and leaves 
that group of sleepers. 
 
• By means of numerical modelling, it is possible to adjust 
the load modifications to introduce at each actuator in order to 
reproduce, with the best degree of accuracy, the state of 
movements or stresses in the track most relevant in the 
material behaviour to be studied (rail deflections, stresses at 
the upper face of a predetermined layer, shear stresses, 
principal stresses , …). 
 
• The CEDEX testing cell has the additional advantage to 
allow, at any moment, during the performance of dynamic 
cycles of test, to carry out a static test, by means of loading 
steps, which could allow to evaluate if the axle passage has 
affected certain chief aspects such as the sleeper-ballast 
contact, the ballast condition, the track stiffness. 
 
• In the ballast fatigue diagram obtained for the passage of 
2.200.000 axles at a speed of 300 Km/h a first section can be 
identified, corresponding to the first 100.000 axles or 150.000 
tons of cumulative load on the track, in which a relative rapid 
increase of the ballast irreversible displacement occurs, 
whereas the magnitude of the increments of those 
displacements tend to diminish at each train passage.  
 
• To the end of this section, the incremental collapse of 
ballast tends to stabilise adopting a constant value. Three 
sections follow, with similar characteristics to those defined 
for “ratcheting” processes by Alonso-Marroquin and Hermann 
[2004], the first one for the interval between 100.000 and 
400.000 axles, the second one between 400.000 and 1.000.000 
axles, and the third one between 1.000.000 and 2.200.000 
axles. Within those sections, the ballast incremental collapse 
for each train  passage remains constant, and differs from one 
section to the other. 
 
• The ballast settlement obtained in those sections for every 
100.000 axles for a circulation speed of 300 km/h were: 
 
• From 0 to 100.000 axles: 0,3 mm 
• From 100.000 to 400.000 axles: 0,033 mm 
(ratcheting) 
• From 400.000 to 1.000.000 axles: 0,014 mm 
(ratcheting) 
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